Understanding how microbial community structure and diversity respond to environmental conditions is one of the main challenges in environmental microbiology. However, there is often confusion between determining the phylogenetic structure of microbial communities and assessing the distribution and diversity of molecular operational taxonomic units (MOTUs) in these communities. This has led to the use of sequence analysis tools such as multiple alignments and hierarchical clustering that are not adapted to the analysis of large and diverse data sets and not always justified for characterization of MOTUs. Here, we developed an approach combining a pairwise alignment algorithm and graph partitioning by using MCL (Markov clustering) in order to generate discrete groups for nuclear large-subunit rRNA gene and internal transcript spacer 1 sequence data sets obtained from a yearly monitoring study of two spatially close but ecologically contrasting alpine soils (namely, early and late snowmelt locations). We compared MCL with a classical single-linkage method (Ccomps) and showed that MCL reduced bias such as the chaining effect. Using MCL, we characterized fungal communities in early and late snowmelt locations. We found contrasting distributions of MOTUs in the two soils, suggesting that there is a high level of habitat filtering in the assembly of alpine soil fungal communities. However, few MOTUs were specific to one location.
Assessment of the diversity and composition of microbial communities is a central issue in understanding the effects of environmental conditions on microbial community assembly. With this framework, massive cloning and sequencing or pyrosequencing of universal DNA markers (e.g., rRNA genes) allows microbial communities to be characterized in a qualitative and semiquantitative way (37, 50) . The composition and diversity of microbial communities based on such methods are assessed by (i) evaluating distances between DNA sequences, (ii) classifying DNA sequences in molecular taxonomic units (MOTUs), and (iii) identifying MOTUs using reference databases (i.e., barcoding approaches) (48) . Although numerous studies have focused on subsequent estimation of diversity and richness (24, 39, 44) , only a few studies have cast doubt on the alignment and sequence classification methods (25) .
Multiple-sequence alignment tools are fairly popular in environmental microbiology, although establishment of phylogenetic links between phylotypes is not necessarily required. DNA markers that are well suited for barcoding approaches sensu lato, as defined by Valentini et al. (48) , require sufficient variation in composition and size, making analysis of subsequent data sets with multiple-sequence alignments difficult. Indeed, based on heuristics, these algorithms excessively penalize insertion-deletion events (32) . Pairwise-sequence alignments obtained using exact algorithms, such as NWS (35) , avoid this limitation and have already been used in bacterial (25) and fungal community studies (37, 39) . However a large proportion of DNA sequences obtained from massive sequencing are partial sequences due to interruption of the sequencing reaction, which causes the NWS algorithm to overestimate the distance between complete and partial sequences that are actually similar. In this context, use of a variant of this algorithm, Free End Gap (46) , has the advantage that gaps opening or extending at the beginning or at the end of partial sequences are not penalized.
DNA classification is an application of graph theory from mathematics. It consists of partitioning a graph composed of nodes (DNA sequences) connected by edges (similarities) so that each node belongs to only one cluster and is connected to most of the other nodes in this cluster (Fig. 1 ). There are numerous graph partitioning methods with different philosophies. The use of a particular method can influence the diversity and richness estimates for microbial communities. The most classical graph partitioning methods, the single-and complete-linkage methods (3), are based on merging a node or a cluster with the nearest (single link) or farthest (complete link) neighbors. While the single-linkage method is a true partitioning method, the latter approach relies on the maximal clique concept, where one node can belong to several clusters. This feature is often bypassed by artificially organizing the classification into a hierarchy, which is not always justified biologically. On the other hand, the single-linkage method fails to separate clusters connected by one or few nodes, resulting in the so-called "chaining effect" (Fig. 1) . The Markov clustering algorithm (MCL) is an alternative to the classical clustering methods. Like the single-linkage method, it is a true partitioning method that additionally simulates node merging according to the local neighborhood topology, avoiding the chaining phenomenon (49) . This method is being used increasingly in bioinformatics, mostly in proteomic and genetic analyses (7, 13, 29, 52) .
Fungi are ubiquitous in soils and can have a broad range of functions in ecosystem processes. They are involved in nutrient cycling through mycorrhizal associations and litter decomposition, and they also strongly affect plant diversity via mutualisms or pathogenic interactions (1, 17, 21) . Moreover, soils contain a great diversity of fungal species (1, 6, 37) , whose spatial distribution results from many factors, such as dispersal, plant coverage, land use, and soil properties (14, 27, 30, 43, 51) . Temperate alpine tundra landscapes exhibit mesotopographical variations that strongly affect local snow cover dynamics (28) , which in turn influences soil properties, plant cover, and ecosystem processes (10, 12, 31) . Alpine tundra thus is a mosaic of ecosystems distributed along snow cover gradients. Fungi have previously been described as an important component of the soil microbial biomass in alpine soils (43) , and numerous studies have focused on mycorrhizal fungus distributions (11, 18, 34, 41) . However, only a few surveys have attempted to characterize whole soil fungal communities (5, 43) . In previous work, we highlighted covariations in snow cover dynamics and the composition and diversity of soil fungal communities (55) . Although these studies provided insight into the seasonal succession and diversity of fungal communities in alpine tundra, the assembly of these communities remains poorly characterized.
To avoid the limitations of classical analysis methods for DNA sequence classification, we coupled pairwise-sequence alignments with a graph partitioning approach by using MCL. In order to illustrate the suitability of MCL, we compared the clustering quality obtained with this algorithm and that obtained with a classical single-linkage method, Ccomps (connected components). We analyzed two data sets resulting from massive cloning and sequencing of internal transcript spacer 1 (ITS1) and part of the large-subunit rRNA gene (LSU). These DNA regions were chosen because more-numerous sequences are available in international databases and provided the opportunity to assess the suitability of the clustering method for both highly polymorphic and conserved DNA fragments. Data sets were obtained for two closed soils that differed in snow cover duration: soil from an early snowmelt location (ESM) and soil from a late snowmelt location (LSM) (see Materials and Methods). The proposed approach was used to further characterize ESM and LSM fungal communities and their seasonal variations.
MATERIALS AND METHODS
Study site description and sampling. The study site was located in the Grand Galibier massif (French southwestern Alps; 45°0.05ЈN, 06°0.38ЈE; elevation, 2,480 m). The compositions of microbial communities at ESM and LSM locations were studied. Although the two locations were separated by only approximately 20 m, they differed greatly in the duration of winter snow cover because of topographical effects. The shallow winter snowpack in the ESM plot led to freezing of the soil in winter and dominance of a stress-tolerant graminoid, Kobresia muysoroides (Cyperaceae), and a dwarf shrub, Dryas octopetala (Rosaceae). In contrast, the LSM plot had a persistent and deep winter snowpack, which insulated the soil from cold winter temperatures. It was dominated by low-stature species that have a shorter growing season, such as Carex foetida (Cyperaceae), Alpecurus alpinus (Poaceae), Alchemilla pentaphyllea (Rosaceae), and Salix herbaceae (Salicaceae) (4, 10) . The soils of these two plots also differed in clay content (which was higher in the LSM plot) and in organic matter content (which was higher in the ESM plot). The soil pH ranged from ϳ5.5 in the LSM plot to ϳ6.5 in the ESM plot, but the values were inverted in May (55) .
The following four sampling dates were chosen to measure variations in the microbial communities in relation to snow cover dynamics: 24 June 2005, when the growing season was starting in the ESM plot and the snow was melting in the LSM plot; 10 August 2005, during the time when the amount of standing biomass was largest; 10 October 2005, during litter fall; and 3 May 2006, at the end of winter, just after thawing occurred in the ESM plot and the LSM plot was still under a consistent snowpack that was 2.5 m deep. Five spatial replicates were obtained for each plot on each date and sieved (2 mm) in order to homogenize the soil and remove rocks and the main parts of roots.
Clone library construction. Soil DNA extraction was carried out with a Power soil extraction kit (MO BIO Laboratories, Ozyme, St. Quentin en Yvelines, France) as previously described (55), and the DNA extracts from the five spatial replicates for each location were pooled to limit the soil spatial heterogeneity. Moreover, this pooling strategy has been reported to yield a representative fungal molecular signature for the area studied (45) , which was confirmed by a preliminary study of spatial replicates using capillary electrophoresis-singlestrand conformation polymorphism analysis (data not shown).
From the eight remaining DNA pools, the LSU gene was amplified with primers U1 (5Ј-GTGAAATTGTTGAAAGGGAA-3Ј) (42) and nLSU1221R (5Ј-CTAGATGAACYAACACCTT-3Ј) (43) as described previously (55 ond clone library of the ITS1 region was also constructed with primers ITS5 (5Ј-GGAAGTAAAAGTCGTAACAACG-3Ј) and ITS2 (5Ј-GCTGCGTTCTTC ATCGATGC-3Ј) (54) using the PCR conditions reported previously (55) for capillary electrophoresis-single-strand conformation polymorphism analysis. For both LSU and ITS1, eight independent PCR amplifications were performed, and then the preparations were mixed for each of the DNA pools in order to dilute the PCR biases. The 16 PCR products were then cloned using a TOPO TA PCR 2.1 cloning kit (Invitrogen SARL, Molecular Probes, Cergy Pontoise, France), and ligated preparations were sent to the Centre National de Sequençage (Genoscope, Evry, France) for transformation and sequencing. A total of 2,844 and 2,956 sequences were obtained for LSU and ITS1, respectively, and the number of sequences per sample ranged from 350 to 380.
Sequence analysis. DNA sequences obtained from the 16 clone libraries were grouped in one data set for each DNA marker. Sequences shorter than 100 bp (ITS1) or 500 bp (LSU) were removed from the analysis to ensure overlap of all sequences. Our data sets contained numerous sequences that were variable in length (incomplete LSU sequences and great size polymorphism of ITS sequences), which prevented us from obtaining reliable alignments using multiple-sequence alignment tools. Thus, we performed pairwise-sequence alignment based on the Free End Gap dynamic programming alignment algorithm (46) and computed similarity matrices using the "borneo" software (available by request at eric.coissac@inrialpes.fr).
Based on the similarity matrices, both graphs were subjected to analysis with a single-linkage method, Ccomps (www.graphviz.org), and with the Markov clustering algorithm MCL (49; micans.org) with 95, 97, and 98% similarity thresholds. The main parameter of MCL, inflation, also called granularity, determines the partition sharpness. The parameters of MCL were adjusted with an initial inflation value of 6 and a main iteration value of 100. Graph visualization was obtained using fdp (www.graphviz.org). In order to evaluate the sensitivity of clustering to the chaining effect, we determined the cluster number and cohesion obtained with Ccomps and MCL for the two data sets. Cluster cohesion was assessed as follows: (e/E) ϫ (n/N), where e is the number of edges observed, E is the maximum number of edges, n is the number of nodes, and N is the total number of nodes in the graph. This formula results in a value between 0 and 1, with 0 meaning that no nodes are connected in the graph and 1 meaning that all nodes are connected.
Each DNA sequence was then compared with imported reference sequences from the GenBank database (http://www.ncbi.nlm.nih.gov; accession date, November 2008) using BLAST (2). The best BLAST match was used for sequence identification. Nonmatching or partially matching sequences were considered nonexploitable sequences and thus were not used in subsequent analyses. Because of the ambiguity of the rarest MOTUs (e.g., the MOTUs containing less than five sequences), these MOTUs were not considered in the analysis of the ESM and LSM fungal communities. Based on BLAST results, the congruence of the taxonomic information carried by the LSU and ITS1 markers was checked at the order level by comparing the abundances of fungal orders detected in the two data sets using the nonparametric Kendall tau rank correlation test. This test was also used to compare the abundance rankings of MOTUs for the ESM and LSM fungal communities. Statistical analyses were performed using the R software (40) .
Nucleotide sequence accession numbers. The GenBank accession numbers for the LSU sequences are FJ568339 to FJ570564, as previously reported (55) , and the GenBank accession numbers for the ITS1 sequences are FN293398 to FN295479 (this study).
RESULTS

Comparison of Ccomps and MCL clustering methods.
Based on similarity matrices obtained from pairwise-sequence alignments, the two clustering methods did not result in the same discretization of MOTUs, as shown in Fig. 1 for a data subset. Indeed, MCL generated more clusters than Ccomps, which was particularly evident for the LSU graph (Table 1) , while MCL generated ϳ1.2-fold more MOTUs in the ITS1 graph, resulting in two-to eightfold more LSU MOTUs. In the same way, the number of singletons obtained with MCL was almost constant, while singletons were less numerous and the number of them increased with the similarity threshold when Ccomps was used (Table 1) . Finally, the cohesion of MOTUs (the number of edges in one MOTU) was greater for MOTUs obtained by MCL (Table 1) . Again, the use of MCL increased the cohesion of MOTUs ϳ15-fold for the ITS1 data set, while it resulted in 14-to ϳ2,500-fold more cohesive MOTUs for the LSU data set. Multiple-sequence alignments of each of the clusters obtained from MCL were found to be consistent (data not shown).
Distribution of MOTUs in samples.
For the distribution analysis, we used the MOTUs composed of at least five sequences (see Materials and Methods). With a threshold level of 98%, MCL analysis resulted in 62 and 100 MOTUs for LSU and ITS1, respectively. Taxonomic identification of DNA sequences by BLAST revealed that only one LSU MOTU (17 clones) and three ITS1 MOTUs (a total of 27 clones) corresponded to nonfungal sequences (stramenophiles or plants). Also, 18 MOTUs from the ITS1 data set that were suspected chimeras or did not match GenBank reference sequences (227 clones) were not used in the subsequent analyses. The remaining MOTUs included 60 MOTUs for LSU and 79 MOTUs for ITS1. At the genus level, while most of the ITS1 sequences displayed the same level of identity in each MOTU, the results were less consistent for the LSU data set (see Tables S1 and S2 in the supplemental material). The congruence of MOTU abundance data between the DNA markers used was then checked by comparing the rank of fungal order (sensu taxonomy) abundance for taxa that were common to both data sets ( Fig. 2A) . This resulted in a positive correlation supported by the results of a Kendall tau rank correlation test ( ϭ 0.723 and P Ͻ 0.001 for the ESM plot and ϭ 0.566 and P Ͻ 0.01 for the LSM plot), which was mostly due to the dominant taxonomic groups.
Most MOTUs displayed contrasting abundances across locations (Fig. 2B) , which was confirmed by the Kendall tau rank correlation test ( ϭ Ϫ0.202 and P Ͻ 0.05 for LSU and ϭ Ϫ0.399 and P Ͻ 0.001 for ITS1). However, only 9 LSU MOTUs were specific to the ESM location and 16 LSU MOTUs were specific to the LSM location. In addition, 21 ITS1 MOTUs were specific to the ESM location and 17 ITS1 MOTUs were specific to the LSM location. These location-specific MOTUs were rare most of the time. On the other hand, few MOTUs were found to be represented equally at the two locations (Fig. 2B) . Because almost 80% of the clones were found to be distributed in 30 MOTUs whatever samples and DNA marker were used, we focused on these MOTUs for further description. Spatial and seasonal variation of abundant MOTUs. (i) LSU data set. Globally, the ESM location had few dominant MOTUs and the majority of MOTUs were rare, except in May, when the MOTUs were more uniformly distributed. Similar to what was observed for the ESM May sample, MOTUs had a uniform distribution at the LSM location (Fig. 3) . Nevertheless, this location was noticeably dominated by MOTUs L3 (Helotiales) and L5 (Mortierellaceae) in August and October and by MOTU L23 (Tricholomataceae) in June. At the ESM location, Basidiomycota were found to be, on average, more abundant, and this group was represented mainly by MOTUs L1 (Cortinariaceae), L4 (Cortinariaceae and Russulaceae), and L9 and L10 (Clavulinaceae) as well as by MOTU L3 (Pleosporale and Ascomycota). These MOTUs were for the most part stable during the growing season, except for the Clavulinaceae MOTUs, which appeared to be overrepresented in May.
(ii) ITS1 data set. Ascomycota were much less common in the ITS1 data set (Fig. 3) . As observed for the LSU data set, the distribution of MOTUs was more uniform at the LSM location. However, several MOTUs displayed time-dependent dominance, including MOTU I3 (Hypocreales) in May, MOTU I6 (mitosporic Ascomycota) in October, MOTUs I4 (Atheliaceae) and I22 (Thelephoraceae) in May, and MOTU I5 (Hygrophoraceae) in June. Unfortunately, a large proportion of LSM MOTUs were not identified. The ESM location was largely dominated by Basidiomycota, particularly by MOTU I1 (Russulaceae) from June to October and by MOTUs I7 (Cortinariaceae) and I2 (Clavulinaceae) in May.
DISCUSSION
DNA analysis considerations. DNA sequences can be considered a continuum in which each sequence shares more or fewer similarities with other sequences. To assess the similarities, sequence alignment is a critical step, and numerous and varied tools exist for this purpose. While multiple-sequence alignments can answer phylogenetic questions, they are not appropriate for assessment of the diversity and structure of microbial communities based on DNA barcoding approaches sensu lato (48) . In this context, the Free End Gap algorithm is much more appropriate because it is less affected by insertiondeletion events and does not penalize partial DNA sequences, a current feature in large data sets. Comparison of microbial communities across continua is possible by comparing the intracommunity DNA sequence similarity with the intercommunity DNA sequence similarity (53) . However, such a comparison does not provide information about the microbial communities themselves. In contrast, artificial discretization of a continuum allows easier comparisons of microbial communities to be made by producing data comparable to the data used for traditional taxonomy-based approaches. In this context, DNA classification is usually assessed by using hierarchical clustering methods (44) . However, this approach is not justified since connections between DNA classes are not necessarily required for global characterization of microbial communities. In this context, simple discretization of our continuum is sufficient and can be assessed by graph partitioning methods.
Ideally, a graph partitioning method should be able to (i) produce highly cohesive and discrete classes, (ii) detect singletons, and (iii) be efficient in terms of the computation time required to process large data sets. Here, we also tested clustering efficiency with both highly polymorphic (ITS1) and more conserved (LSU) DNA markers. We found that the partitioning of the ITS1 graph resulted in more MOTUs with both clustering methods (Table 1) according to the degree of polymorphism of the two markers studied. Furthermore, conservative DNA regions generated more continuum graph structures than less conserved regions generated. The latter regions are harder to partition, because they are more prone to the chaining effect (Fig. 1) . A good partitioning method should thus be able to form discrete classes within the continuum structures.
The MCL algorithm has previously been reported to be highly efficient for processing large data sets in a more robust way (7). Our observations support the performance of MCL, which produced more numerous and cohesive MOTUs than Ccomps, especially for the LSU graph (Table 1 and Fig. 1 ). This result reflects the ability of MCL to avoid chaining effects in continuum structures. Furthermore, it indicates that the clustering methods can generate erroneous results, as shown by the small number of LSU MOTUs found by Ccomps. In the same way, MCL detected the maximum number of singletons at the lowest similarity thresholds, while Ccomps did not detect the maximum number of singletons at a similarity level of 98% (Table 1) . These results show that the clustering method used can affect the assessment of richness and diversity and that MCL is more appropriate for our purposes. Besides, MCL could be used for other conservative DNA regions, such as the 16S rRNA gene for analyzing prokaryotic communities. Although this method has been used previously in comparative genomic analyses (29, 52) , to our knowledge this is the first time that this algorithm has been used for characterization of microbial communities. Despite the formation of discrete and cohesive clusters, taxonomic assignment of MOTUs, especially for the LSU data set (see Table S1 in the supplemental material), remained problematic for three main reasons. First, a "universal similarity threshold" does not exist and the threshold varies according to the taxonomic family considered and the DNA marker used (6) . Second, the taxonomy of fungi is still evolving and can hardly be fixed because of the paraphyletism or uncertainty of the phylogenetic positions of certain fungal groups, such as Helotiales (23) and Russulales (22) . Third, the quality of public databases is doubtful; 20% of fungal sequences in international databases may be incorrectly identified at the species level (36) . Although the quality is still unknown at higher taxonomic levels, we found, for instance, that Cryptococcus GenBank sequences (Tremellales, Basidiomycota) are annotated as belonging to Tremellales and also to Cystofilobasidiales, Filobasidiales, and the Ascomycota phylum. Although the abundance values for fungal orders were found to be quite similar for the LSU and ITS1 data sets ( Fig. 2A) , the use of taxonomy as a criterion for DNA classification is a doubtful strategy in this framework, and thus DNA classification should be based instead on sequence similarities. Moreover, taxonomic assignment of MOTUs and subsequent ecological conclusions should be made carefully.
Thus, the use of a graph partitioning approach based on pairwise-sequence alignment and coupled with MCL clustering seems a good alternative for analyzing large DNA sequence data sets obtained using pyrosequencing techniques, since it avoids recurrent issues of "manual corrections" of multiplesequence alignments and the reference database errors. Although this method does not explain the evolutionary connection between MOTUs, it allows assessment of microbial community structure, richness, and diversity and may also be a first filtration step for creating more homogeneous data subsets for further phylogenetic studies, as suggested by Loytynoja and Goldman (32) .
Phylotype diversity in ESM and LSM soils. The fungal communities at both locations studied contained few dominant MOTUs and numerous rare MOTUs (Fig. 2B) . For instance, the 10 most abundant MOTUs accounted for 40 to 90% of each clone library, similar to what is typically observed in macroorganism communities (20, 24) . Interestingly, at the ESM location there were fewer highly dominant MOTUs than at the LSM location, supporting our previous findings obtained with classical approaches (e.g., multiple alignments, complete linkage) showing that the diversity of fungal communities was higher at LSM locations (55) .
Although our study locations were spatially close, the differences in snow cover dynamics, vegetation type, soil properties, and ecosystem processes were substantial (4), and these factors varied with the microbial communities (55). These differences significantly affected the distribution of MOTUs irrespective of the DNA marker used (Fig. 2B and 3) . However, only a few MOTUs were strictly specific to one location or one season. Rather, the differences in fungal communities between the two locations were expressed in terms of abundance (Fig. 3) . Most of the site-specific MOTUs were rare, and our sequencing effort may not have been sufficient to detect them at both locations. The lack of MOTU specificity is quite surprising because ESM and LSM areas have dramatic differences in plant species composition that could recruit specific mycorrhizal fungi. Thus, Cripps et al. (11) reported patchy distribution of mycorrhizal fungi that mirrored the vegetation mosaic in alpine tundra. The feature observed here could be explained by the high rate of dispersal of these organisms (16) and the short distance between the locations studied, as previously observed for freshwater bacterial communities (15) . On the other hand, our results may indicate a lack of taxonomic resolution with the DNA markers used.
On the other hand, as suggested by the Kendall tau correlation test, the abundant MOTUs at the LSM location were quite rare at the ESM location and vice versa (Fig. 2B and 3) , suggesting that contrasting environmental conditions filter contrasting fungal communities. Indeed, the ESM location represents a stressful and nutrient-limited habitat (10) . This location was dominated by phylotypes related to ectomycorrhizal fungi (e.g., Cortinariaceae, Russulaceae, and Helotiales) (Fig. 3) often associated with the plants K. myosuroides and D. octopetala dominant at ESM locations (18, 34, 43) and to Pleosporales, previously described as dark septate fungi strongly involved in nitrogen translocation in alpine grasslands (19, 38) . These dominance patterns were stable from spring to autumn, suggesting that the fungi shift along a parasitismmutualism continuum through both saprotrophic activities and nutrient uptake capacities (26, 33) . In late winter, these fungal groups were replaced by presumably psychrotolerant Cantharellales (Fig. 3) , which are known to form ectomycorrhizal associations (47) and for their lignin degradation abilities (9) . At the ESM location, the dominance of ectomycorrhizal associations and phylotypes related to fungal species able to degrade complex organic matter was comparable to the dominance that occurs in ecosystems with slow nutrient turnover (8) . In contrast, at the LSM location the litter degradation rate is high and the nutrient availability is high (3a) . LSM fungal communities appeared to be more temporally variable and more diversified with an important component of poorly documented fungal groups, which precluded further conclusions (Fig. 3) . However, the higher diversity is potentially related to higher nutrient availability (51) and has been associated with open nutrient cycle ecosystems (8) .
This study shows that use of a pairwise-sequence alignment algorithm coupled with efficient MCL clustering is a reliable technique for analyzing large data sets for microbial community studies. This is particularly useful given the increasing availability of massive sequencing methods. Moreover, the observed difference between the clustering methods tested also indicates that there should be more thorough consideration of the tools employed for definition of MOTUs in microbial ecology. Applied to the soil fungal communities of two contrasting alpine habitats, our analysis confirmed the importance of habitat filtering in the assembly of fungal communities, but further characterization combining traditional approaches coupled with meta-transcriptomics is needed to determine the mycorrhizal, pathogen or saprophytic status of the MOTUs described here.
